FINAL  REPORT: 


Space-Time  Optical  Systems  for 
Ultrahigh-Speed  Signal  Processing  and  Encryption 

DAAG55-98-0514 
9/21/1998  -  3/20/2000 

A.M.  Weiner 
Purdue  University 

School  of  Electrical  and  Computer  Engineering 
West  Lafayette,  IN  47907-1285 

Table  of  contents 

I.  Problem  statement  p.  2 

n.  Summary  of  accomplishments  p.  2 

EH.  References  p.  4 

IV.  Scientific  personnel  p.  4 

V.  Inventions  p.  4 

Appendix  A:  List  of  awards  p.  5 

Appendix  B:  Publications  p.  5 

Appendix  C:  List  of  invited  talks  p.  6 

Appendix  D:  List  of  invited  seminars  p.  6 

Fig.  1  Space-time  processing  scheme  p.  7 

Fig.  2  Direct  space-to-time  pulse  shaping  p.  8 

Fig.  3  Chirp  control  in  the  DST  pulse  shaper  p.  9 

Fig.  4  Pulse  train  generation  with  an  arrayed  waveguide  grating  p.  10 


20000628  HI 


DAAG55-98-0514 

Space-Time  Optical  Systems  for  Ultrahigh-Speed  Signal  Processing  and  Encryption 


SF  298  MASTER  COPY 


ICEEP  THIS  COPY  FOR  REPRODUCTION  PURPOSES 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  NO.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  Includ^  the  time  for  iwiewinp  instmctions,  searching  e)«t^  ’ 

gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  cojlection  of  information.  Send  corriment  residing  this  estimates  or  anyomw  a^J^^^is 

collection  of  Information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  C^rectorate  for  Jefferson 

Davis  Highway,  Suite  1204,  Arlington.  VA  22202-4302.  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington.  DC  20503. 

1.  AGENCY  USE  ONLY  fleaveWankj  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

5-17-00  Final  9-21-98  -3-20-00 

4.  TITLE  AND  SUBTITLE 

Space-Time  Optical  Systems  for  Ultrahigh-Speed  Signal 

Processing  and  Encryption 

5.  FUNDING  NUMBERS 

DAAG55-98-1-0514 

6.  AUTHOR(S) 

Dr.  Andrew  M.  Weiner 

7.  PERFORMING  ORGANIZATION  NAMES(S)  AND  ADDRESS(ES) 

Purdue  University 

Division  of  Sponsored  Programs 

Hovde  Hall 

West  Lafayette,  IN  47907 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Research  Office 

P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-221 1 

1 0.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be  construed  as 
an  official  Department  of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 

12  b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  words) 


Our  overall  objective  is  to  demonstrate  powerful  new  signal  processing  funtionalities  for  ultrafast  optical  signals, 
with  an  emphasis  on  proof-of-concept  experiments  of  new  space-time  optical  processing  methods  for  digital  logic 
operations,  especially  encryption  and  temporal  pattern  matching,  on  ultrafast  optical  bit  streams.  During  this  project 
period  we  focused  on  an  optical  space-to-time  converter,  which  is  one  of  the  key  subsystems  in  the  envisioned 
space-time  optical  processing  system.  For  the  first  time  we  have  worked  out  how  the  dispersion  varies  with  the 
positions  of  the  constituent  optical  components,  and  we  have  verified  our  analysis  experimentally.  Our  results 
demonstrate  a  means  for  compensating  or  controlling  the  chirp  of  the  optical  pulse  sequences  generated  from  the 
space-to-time  converter,  which  is  important  for  subsequent  transmission  in  optical  networks.  Furthermore,  our  work 
show  the  possibility  of  using  these  space-to-time  converters  for  generation  of  identical  pulse  sequences  at  a  series  of 
different  wavelengths,  with  potential  application  to  optical  networks  and  photonic  processing.  Finally,  for  the  first 
time  we  demonstrated  generation  of  terahertz  rate  trains  of  optical  pulses  using  an  integrated  component,  which 
increases  the  opportunity  for  practical  applications. 


14.  SUBJECT  TERMS 

15.  NUMBER  IF  PAGES 

Optical  Networks 

Pulse  Shaping 

10 

Photonic  Processing 
Femtosecond  Pulses 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 
OR  REPORT 

18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

20.  LIMITATION  OF  ABSTRACT 

UNCLASSIFIED 

UNCLASSMED 

UNCLASSIFIED 

UL 

NSN  7540-01-280-5500 

Enclosure  1 

standard  Form  298  (Rev.  2-89) 

Prescribed  bv  ANSI  Std.  239-18 

2 


I.  Problem  statement 

Our  overall  objective  is  to  demonstrate  powerful  new  signal  processing  functionalities  for 
ultrafast  optical  signals,  with  an  emphasis  on  proof-of-concept  experiments  of  new  space-time 
optical  processing  methods  for  digital  logic  operations,  especially  encryption  and  temporal 
pattern  matching,  on  ultrafast  optical  bit  streams.  The  proposed  space-time  processing  systems 
(see  Fig.  1)  consist  of  three  subsystems:  (1)  a  time-to-space  converter  for  demultiplexing 
ultrafast  TDM  optical  data,  (2)  a  smart  pixel  device  array  for  processing  of  the  demultiplexed 
data,  including  digital  logic  operations  suitable  for  encryption  fonctionality,  and  (3)  a  space-to- 
time  converter  for  generating  an  output  pulse  sequence  corresponding  to  the  processed  or 
encrypted  data.  In  this  contract  we  focused  on  the  optical  space-to-time  converter. 


II.  Summary  of  accomplishments 

We  had  previously  demonstrated  femtosecond  operation  of  a  direct  space-to-time  (DST) 
pulse  shaper,  in  which  the  output  waveform  or  pulse  sequence  is  a  direct  temporal  replica  of  a 
spatial  masking  pattern  [1].  This  is  in  contrast  to  the  widely  used  Fourier  transform  (IT)  pulse 
shaper  with  a  Fourier  transform  relationship  between  the  masking  pattern  and  the  output 
temporal  waveform  [2].  In  our  previous  experiments,  however,  the  generated  pulse  sequences 
were  chirped,  which  would  be  disadvantageous  for  subsequent  transmission.  Therefore,  we 
investigated  the  dispersive  properties  of  the  space-time  converter,  with  the  aim  of  controlling  the 
chirp. 


The  DST  pulse  shaper  (Fig.  2)  consists  of  a  grating  followed  by  a  lens  and  a  slit,  with  the 
grating  and  slit  normally  placed  at  the  opposite  focal  planes  of  the  lens.  The  input  beam  to  the 
grating  is  spatially  patterned,  and  the  output  temporal  waveform  after  the  slit  is  a  directly  scaled 
replica  of  the  input  spatial  pattern.  Although  this  configuration  is  itself  dispersion-free,  any 
phase  curvature  in  the  input  beam  results  in  a  chirp  in  the  output  temporal  signal.  To  compensate 
such  chirps,  we  initially  analyzed  the  effect  of  changing  the  lens-slit  separation.  Our  analysis 
showed  that  variation  of  the  lens-slit  separation  leads  to  a  dispersion  which  can  be  adjusted  to 
exactly  compensate  the  dispersion  arising  from  input  phase  curvature.  Furthermore,  we 
predicted  that  the  output  temporal  intensity  profile  is  completely  unchanged  as  the  chirp  is  varied 
in  this  way.  We  have  confirmed  both  of  these  predictions  experimentally  (Fig.  3)  [3].  It  is 
interesting  that  our  results  are  completely  different  than  for  the  FT  pulse  shaper,  where 
dispersion  is  controlled  only  by  varying  the  lens-grating  separation.  This  work  was  submitted  to 
CLEO  ’99;  our  paper  was  accepted  and  upgraded  to  an  invited  talk. 

We  have  extended  this  work  by  investigating  the  general  case  where  both  the  grating-lens 
and  lens-slit  separations  are  varied  independently.  We  have  worked  out  a  general  formula  which 
gives  the  dispersion  as  both  separations  are  varied.  Interestingly,  we  find  that  although  the 
grating-lens  separation  does  not  affect  the  dispersion  if  the  lens  and  slit  are  separated  by  exactly 
one  focal  length,  in  general  the  dispersion  depends  on  both  the  grating-lens  and  lens-slit 
separations  in  a  coupled  way.  This  generalized  dispersion  formula  has  been  verified 
experimentally  [4]. 
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We  also  investigated  the  effect  of  moving  the  slit  transversely  to  the  lens-slit  axis  and 
showed  both  theoretically  and  experimentally  that  this  allows  tuning  the  center  wavelength  while 
leaving  the  output  intensity  profile  unchanged.  This  effect  can  be  used  to  generate  a  series  of 
identical  pulse  sequences  at  a  variety  of  different  wavelengths.  This  has  application  to  hybrid 
wavelength-division  multiplexed  /  time-division  multiplexed  optical  networks  as  well  as  photonic 
processing  systems,  such  as  photonic  A/D. 

Finally,  based  on  insights  developed  in  the  bulk  optics  DST  pulse  shaper  research,  we 
demonstrated  for  the  first  time  that  terahertz  rate  trains  of  ultrashort  optical  pulses  can  be 
generated  with  an  integrated  optic  device  called  an  arrayed  waveguide  grating  (AWG)  router  (see 
Fig.  4).  These  devices  are  commonly  used  for  wavelength-division  multiplexed  optical 
communications,  but  had  never  previously  been  applied  for  generation  of  ultrashort  time-domain 
pulses  at  terahertz  rates.  As  in  the  DST  pulse  shaper,  different  output  ports  of  the  AWG  router 
produce  pulse  trains  which  are  wavelength  shifted  but  otherwise  identical.  This  work  using  an 
integrated  optic  component  increases  the  opportunities  for  practical  implementation  of  our  pulse 
train  generation  scheme  while  identifying  a  new  functionality  for  the  AWG  technology. 

The  overall  significance  of  our  work  during  this  period  is  as  follows: 

(1)  We  now  have  a  means  of  controlling  the  chirp  in  the  DST  pulse  shaper,  which  ultimately  is 
needed  to  make  the  output  from  the  proposed  spacertime  processing  systems  compatible  with 
optical  networks. 

(2)  The  dependence  of  the  dispersion  on  the  position  of  the  optical  components  is  completely 
different  than  in  the  widely  used  FT  pulse  shaper;  therefore,  our  results  offer  new  vistas  for 
dispersion  control  in  ultrafast  optics. 

(3)  We  have  identified  at  least  one  functionality  of  the  DST  pulse  shaper  which  can  be  reduced  to 

an  integrated  format,  which  enhances  the  opportunities  for  practical  application.  At  the  same 
time,  we  have  invented  a  new  method  for  generation  of  identical  wavelength  shifted  versions  of 
extremely  high  rate  optical  pulse  trains,  with  potential  applications  both  to  optical  networks  and 
photonic  signal  processing.  ■  , 

Recognition  of  our  work  by  the  technical  conununity  is  evidenced  through  a  number  of 
awards  and  invited  talks.  Lists  of  publications,  awards,  invited  talks,  and  invited  seminars  are 
given  as  appendixes. 
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first  investigation  of  the  dispersive  properties  of  the  direct  space-to-time  apparatus 


Direct  Space-to-Time  Pulse  Shaper  for  Ultrafast 
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Direct  space-to-time  conversion  facilitates  the  use  of  optoelectronic  modulator  arrays, 
which  will  be  placed  at  the  ‘modulation  plane’  in  future  experiments  for  pulse  sequence 
generation  with  nanosecond  reprogramming  times. 
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